Abstract: We explain modal processes in 2-D guided-mode resonance reflectors with subwavelength periods in terms of the mode structure of quasi-equivalent 1-D gratingbased reflectors. The 1-D gratings are designed via a second-order effective-medium theory. The principal features in the reflection spectra of the 2-D devices show good quantitative agreement with the corresponding 1-D grating spectra for small modulation strength. Thereby, clear connections are established with the TE and TM modal states of a reflector. For reflectors made with silicon that has a high index of refraction, there is qualitative agreement between the 2-D spectra and the concomitant 1-D modal signatures. Two-dimensional reflectors with periodic rods and holes are treated. In both cases, it is found that the spectra are dominated by contributions from a single polarization state in the 1-D grating equivalent. The results and methods provided herein enable improved understanding of the physical properties of 2-D resonant reflectors and the related 2-D modulated devices, including photonic crystal slabs. Hence, this methodology facilitates the design of 2-D reflectors in general as is straightforwardly applied to device architectures, materials, and spectral regions beyond those treated here.
Introduction
Spectral engineering capability of subwavelength periodic thin-film structures enables versatile functionalities for various potential applications in optoelectronics and integrated optics [1] - [3] . As incident light illuminates a periodic film, leaky waveguide modes are resonantly excited upon satisfaction of diffractive phase-matching conditions [4] - [6] . This phenomenon is known as guided-(leaky-) mode resonance. Originating in complex interactions between an input continuum and discrete modal states defining Fano resonance effects, diverse spectral characteristics are manifested in reflection and transmission [7] - [9] . In order to clearly understand the associated resonance properties, there have been intensive efforts to explain the underlying physical basis with photonic band structures of waveguide gratings or photonic crystal (PhC) slabs [4] , [10] - [14] . Such approaches contribute to the understanding of many important performance properties of various functional devices including optical filters, biosensors and wideband reflectors operating with engineered spectra [15] - [18] . Here, we suggest that the spectral properties of two-dimensional (2-D) guided-mode resonance (GMR) devices [19] - [22] can be completely understood in terms of quasi-equivalent 1-D relatives defined by effective-medium theory. We show that the 2-D unpolarized reflection response can be interpreted in terms of the mode structure in the concomitant 1-D case with a polarized input wave.
This work is motivated by a recent study of the spectral properties of 2-D resonant reflectors with zero-contrast grating (ZCG) profiles [23] . In ZCGs, the grating ridges reside atop a sublayer of identical material; hence, the boundary between the ridge and the sublayer possesses zero refractive-index contrast, thereby eliminating local interface reflections and phase changes [24] . In these 2-D architectures, which combine a periodic and a homogeneous layer with some beneficial attributes, there arises a plethora of localized spectral features that do not have immediate intuitive explanation. In our quest to understand the resonance dynamics in [23] , we resorted to reducing the refractive-index modulation strength of the grating and identifying the responsible leaky modes under uni-polarization excitation [23] . In the current contribution, we take this idea considerably further. Thus, we apply second-order effective medium theory on the 2-D resonators deriving their quasi-equivalent 1-D brethren and excite these with an input wave in a definite polarization state. The 2-D response becomes understandable in terms of the relatively simpler 1-D responses with reduced grating modulation strength Á" ¼ n 2 H À n 2 c that converge clearly towards the final reflectance spectrum as full modulation (i.e., n H ¼ 3:48 for silicon) is reached.
Two-Dimensional Resonant Reflector Design

Modal and Methods
Fig. 1 presents a model 2-D GMR reflector in the zero-contrast architecture with rectangular pillars. The refractive index of the grating medium ðn H Þ, grating thickness ðd g Þ, periods (Ã x and Ã y ) and fill factors (F x and F y ) define the 2-D grating layer. The homogeneous sublayer with thickness d h has refractive index n h ¼ n H . To obtain a polarization-independent spectral response at normal incidence ð ¼ 0 Þ, Ã and F are chosen such that Ã x ¼ Ã y ¼ Ã and F x ¼ F y ¼ F . The cover and substrate regions are semi-infinite with refractive indices of n c and n s , respectively. The reflectance spectra and electric-field distributions are computed using the rigorous coupled-wave analysis (RCWA) method [25] . The formulation applies to normallyincident as well as obliquely-incident s-(electric field perpendicular to the plane of incidence) and p-(electric field parallel to the plane of incidence) polarized input light. In this paper, the 2-D reflectors with ZCG architectures are designed by employing the particle swarm optimization (PSO) method. The design parameters constitute the set X ¼ fÃ x ; Ã y ; d g ; F x ; F y ; d h g where X represents the general form of a particle in PSO. Optimization of diffractive optical elements including GMR structures is reported in detail in [26] .
Quasi-Equivalent 1-D Gratings
As depicted in Fig. 1 , the corresponding quasi-equivalent 1-D gratings are established by second-order effective-medium theory (EMT). For TE and TM polarizations (see definition in Fig. 1 ), the effective refractive indices are given by [27] (1)
where the n 
Results and Discussion
Modal Processes in Narrowband 2-D Resonant Reflectors
In this section, we investigate the reflectance features of 2-D narrowband GMR reflectors and compare these with the reflectance generated by corresponding quasi-equivalent 1-D gratings. Narrowband reflectance ensues when the modulation strength Á" ¼ n Fig. 1(b) , s-polarization is denoted TE and p-polarization is the TM state. In Fig. 1(c) , these designations are interchanged such that s refers to TM and p to TE.
In this case, it is straightforward to understand the modal processes in the 2-D reflectors in terms of the 1-D behavior. Explaining further, Fig. 3 (a) provides a comparison among the three reflectance spectra from Comparing to the reflectance spectra of the quasi-equivalent 1-D gratings identifies the leaky modes originating the observed spectrum. For TM 0 and TE 0 (at ¼ 1:646 and 1.735 m) in the 1-D constructs, the peak positions are nearly the same as those for the 2-D GMR reflector. At shorter wavelengths, the match is not quite as good. This is likely caused by inaccurate EMT approximations due to the high period-to-wavelength ratio ðÃ=Þ at these spectral locations.
In order to understand the propagation properties of specific leaky modes, we analyze the electric field distributions in the 2-D GMR reflector at each resonant wavelength marked by (i)-(iii) in Fig. 3(a) . Fig. 3(b)-(d) display the calculated amplitude distribution of the total electric field ðE y Þ or magnetic field ðH x Þ in cross-sectional (x -z or y -z planes) and top (x -y plane) views. At the point (i), the TE 0 mode locates in the high-" region of the sublayer and propagates along the x -axis direction as seen in Fig. 3(b) . A standing-wave character is observed due to counter-propagating modes at normal incidence. The spectral response and propagation properties are closely associated with the TE 0 mode in the quasi-equivalent 1-D grating. In the TM 0 mode case, Fig. 3(c) illustrates the standing modal magnetic field under counter-propagation along the y -direction. For the shortest wavelength, as seen in Fig. 3(d) , a TM 1 -type mode is excited locating in the pillars as well as in the sublayer. In the top (x -y plane) views at z ¼ 0:85 and z ¼ 0:43 m, the corresponding wavefront indicates TM mode propagation along the y -axis.
Modal Processes in Wideband 2-D Resonant Reflectors
As higher refractive index contrast Á" causes broadband reflection with additional modes, the modal view becomes increasingly complicated. Fig. 4(a) shows a reflectance map of a 2-D GMR reflector with n H ¼ 3 ðÁ" ¼ 8Þ as a function of d h . Comparing to the structure with n H ¼ 2:5 in Fig. 2(a) , the high reflectance regions are considerably broader because of excitation and interaction of additional leaky modes. As illustrated in Fig. 4(b) , reflectance features originating in TM-type leaky modes in the quasi-equivalent 1-D reflectors show a reasonable correlation with the reflectance map of the 2-D reflector. The broad reflection band near the TM 1 mode locus contributes the wide reflection band in the 2-D mirror. The signatures of the 1-D TE modes in Fig. 4(c) are also apparent in the 2-D map. We now proceed to the full modulation case corresponding to devices fabricated in silicon; thus n H ¼ 3:48 and Á" ¼ 11:11 and following a line of reasoning as in the examples above. A reflectance map pertinent to this case is shown Fig. 5(a) . Fig. 5(b) and (c) show reflectance maps corresponding to EMT-derived 1-D gratings supporting TM and TE resonant modes. In Fig. 5(b) , the modal reflection bands are broadened and merged. In contrast, as displayed in Fig. 5(c) , the TE leaky modes generate narrow bandwidths.
As they are localized in the broad bands of the TM modes, the orthogonal leaky modes co-exist in the 2-D device and total reflected light is decreased at the cross-points. For example, the lowreflectance locus near ¼ 1:4 m occurs at d h ¼ 66:3 nm as a cross-point of two fundamental TM and TE modes limits the R > 0:99 reflection bandwidth to ∼350 nm as seen in Fig. 5(a) .
We briefly investigate whether analogous procedures yield similar improved insight in the more complex case of oblique incidence. We set the homogeneous layer thickness to d h ¼ 66:3 nm to operate at one of the high-R loci in Fig. 5(a) . Fig. 6(a) shows the reflectance map as a function of incident angle for the 2-D reflector under s-and p-polarized light illumination. Inspecting the 1-D reflectance maps in Fig. 6(b) , we see that the p-polarized 2-D reflectance correlates qualitatively with the TM-mode spectra for the 1-D case. This is in agreement with Fig. 5 where most of the high-reflectance locus is provided by TM modes in the EMT-equivalent grating. Hence, we expect that there would be less correlation between the 1-D TE mode-driven reflectance and the 2-D s-polarized map as evident in Fig 6 . Interestingly, the s-polarization case in Fig. 6(a) shows wide regions of high reflectance. This occurs even in the non-subwavelength regime with the first diffracted orders propagating in the substrate; this occurs at angles above the Rayleigh line noted in the plots. There are recent reports of interesting analogous effects where high reflectance is maintained even under non-zero-order conditions [28] . 
Modal Processes in 2-D Reflectors With Air Holes
For completeness, we also explain the modal processes associated with silicon-based 2-D complementary (air hole) GMR reflectors. As shown in Fig. 7(a) , the 2-D air hole grating has periodic rectangular voids instead of pillars with refractive index n c ¼ 1. We set Ã x ¼ Ã y ¼ Ã and F x ¼ F y ¼ F . The corresponding EMT 1-D grating structures are also shown in Fig. 7(a) ; as before these are determined with n ð2Þ TE and n ð2Þ TM . Fig. 7(b) displays the reflectance map of a 2-D airhole GMR reflector designed by PSO [23] . At d h ¼ 42 nm, a bandwidth of ∼370 nm for R > 0:99 is obtained for the wavelength range of 1.4-1.77 m. As seen in Fig. 7(c) and (d) , the spectral reflectance maps deriving from the corresponding 1-D devices are well matched to the spectral reflectance map of the 2-D reflector. In contrast to the 2-D rectangular rod arrays in Fig. 5(b) and (c), the TE leaky modes provide the broadband high reflection response.
In TM mode, oppositely, narrow reflection bands are observed for TM 0 -TM 2 . At the spectral cross-points of the TM and TE modes, low-reflectance loci may form, limiting the achievable bandwidth in some regions of the 2-D map. 
Conclusion
In conclusion, it is shown herein that decomposing 2-D modulated reflectors into their 1-D quasi-equivalents leads to clear insight into the modal origins of their spectra. For a reflector made in a given material, beginning with moderate modulation strength and gradually increasing it to the actual value for that medium, allows connections between the spectra and the driving TE and TM leaky modes to be established. Numerous examples illustrating this aspect are provided for reflectors fashioned with silicon on glass substrates. The architectures selected include partially-etched films where a periodic layer rests on a homogeneous sublayer made of the same medium. Whereas the periodic modulation chosen for the study is based on square posts and holes, the extension to other grating shapes is straightforward. Analogous studies for single-layer, completely-etched photonic-crystal slabs are of interest. The physical understanding gained by these means may aid in design and application of these versatile elements in diverse material systems and spectral regions.
